Hybrid integration of nanoplasmonic devices with silicon photonic circuits holds promise for a range of applications in on-chip sensing, field-enhanced and nonlinear spectroscopy, and integrated nanophotonic switches. Here, we demonstrate a new regime of photon-plasmon coupling by combining a silicon photonic resonator with plasmonic nanoantennas. Using principles from coherent perfect absorption, we make use of standing-wave light fields to maximize the photon-plasmon interaction strength. Precise placement of the broadband antennas with respect to the narrowband photonic racetrack modes results in controlled hybridization of 2 only a subset of these modes. By combining antennas into groups of radiating dipoles with opposite phase, far-field scattering is effectively suppressed. We achieve ultrafast tuning of photon-plasmon hybridization including reconfigurable routing of the standing-wave input between two output ports. Hybrid photonic-plasmonic resonators provide conceptually new approaches for on-chip integrated nanophotonic devices.
photonic resonators can access new regimes of hybrid light-matter interaction with a tuneable
Purcell factor. 23 Here, we demonstrate experimentally the coherent interactions between nanoantennas and a silicon photonic racetrack resonator in a CPA geometry. Similar to antennas placed inside a conventional microcavity, 24 the precise positioning of nanoantennas onto the racetrack allows selective coupling to specific photonic modes when using a standing-wave incident light field. We use both optical transmission and darkfield imaging of scattered light from the antennas to quantify the coupling strength in the hybrid photonic-plasmonic system. Active control over the coupling efficiency is obtained using ultrafast pulsed laser excitation of the waveguide, resulting in a shift of the standing-wave pattern and hence a modulation of the antenna excitation. The design combining coherent absorption in plasmonic antennas on waveguides holds promise as a new approach to ultrafast control of plasmonic near-fields and nanophotonic switching in silicon photonics.
Devices were fabricated from a silicon-on-insulator (SOI) wafer (220-nm-thick top silicon layer, 2-µm-thick buried oxide) using electron beam lithography and reactive ion etching. Rib waveguides of 450 nm width and 120 nm etch depth were used to form the circuits. Only the fundamental TE mode is supported in these single-mode waveguides. Grating couplers were used to couple light in and out of the chip. Following the fabrication of the silicon photonic circuit, we performed a second electron beam lithography and subsequent gold deposition to fabricate the nanoantennas on top of the silicon waveguides. The antennas were designed with length of 150 nm, width of 80 nm, and height of 25 nm, to reach a surface plasmon resonance at the design wavelength of around 1550 nm, with a resonance bandwidth covering the entire C-band.
The main part of the photonic circuit is shown in Figure 1a . Two mutually coherent outputs of a 1x2 multimode interference (MMI) device are coupled into a racetrack resonator from opposite directions. The racetrack, with a perimeter of 78.8 µm, is shown in the scanning electron microscopy (SEM) image of Figure 1b . In the racetrack, the counter-propagating waves produce a standing-wave electromagnetic field pattern. Light travelling through the resonator is coupled out into a drop waveguide, carrying light in both directions away from the resonator towards two grating couplers for outcoupling. We specifically chose this structure as it allows investigating the CPA in transmission devices as such devices are of greater interest in real-world applications.
Designs for reflection-type devices were outlined in Ref. 9 .
The arrangement under study consists of two sets of plasmonic antennas on the resonator, one quarter of its circumference in both directions from the point of incoupling [see Figure 1b ].
Zoomed-in images of antennas on the racetrack are shown in Figures 1c-e for three different devices. In this configuration, the interaction between the antennas and a photonic resonance is defined by the exact spatial positioning of the antennas in the standing wave intensity pattern. In the limit of weak interaction, perturbation of the purely photonic modes by the antennas is negligible and the total field E is given by the superposition of clockwise (Ec) and counterclockwise (Ecc) modes, E=Ece i∆ϕ +Ecc, where ∆ϕ is the phase difference of the two input waves.
The amount of coupling to the antennas in this case is determined by the intensity of the standing wave of the photonic mode at the position of the antennas, which follows as:
where I is the intensity, l is the position along the racetrack, L is the perimeter of the racetrack, N is the resonance index. The spatial coordinate l is defined clockwise with respect to the middle of the right vertical section (l = 0). In our experimental arrangement where light from the MMI is coupled through equal path lengths, ∆ϕ = -180° and the intensity at the antenna positions ±L/4 is 4E0 2 for odd modes and 0 for even modes. Thus, odd modes will exhibit maximum interaction with the antennas while even modes will travel the resonator unhindered. In general, ∆ϕ can be tuned by shifting the phase of one of the two input arms. To achieve CPA, the strength of the absorbers needs to be balanced for the application. Too weak absorbers will not induce sufficient absorption, while too strong absorption will decouple the two counter-propagating waves, thus destroying the standing wave pattern that is required for coherent absorption. 9 The intensity equation (1) is periodic in λ/2 = (neffL)/2N. This allows placing groups of antennas, spaced by λ/2, instead of single antennas, around ±L/4 to increase the interaction strength. The strength of the absorbers can also be finely tuned by changing the antenna size while keeping the resonant wavelength fixed. In our experimental studies we considered antennas of fixed size and between 1 and 5 antennas per group. All antenna groups were placed symmetrically around ±L/4, thus the odd antenna groups are positioned to couple to odd photonic modes, while the even antenna groups are offset by ±λ/4
and are designed to couple to the even photonic modes.
The static properties of resonators with and without antennas were investigated using a setup featuring a CW tuneable laser at telecom wavelength. Figure 1c shows transmission spectra of the racetrack with and without antennas. The spectra are normalized to half the intensity of a straight waveguide to account for the splitting of the input intensity at the MMI. The bare racetrack resonator without nanoantennas, shown by the black curve, shows a characteristic comb of transmission peaks in the drop ports with transmission efficiency of up to 75% and an envelope given by the MMI bandwidth. For the resonator with three antennas per group, we find a suppression of alternating peaks in the spectrum by 70% (4dB) [red curve in Figure 1c ]. The unperturbed transmission peaks of the hybrid resonator have intensities, spectral resonance positions and linewidths closely matching those of the reference device. The perturbed peaks are asymmetric in shape with a maximum that is redshifted by around 1 nm with respect to the unperturbed device.
Next to the modified transmission of the hybrid racetrack-antenna system, we observed the out of plane scattering of the plasmonic antennas as a measure of the interaction strength. through the high-index waveguide, for free-space radiation outside the waveguide, the antenna spacing is deeply sub-wavelength. Therefore the dipole radiation from the antennas cancels effectively over most of the angular range and only a higher order radiation mode remains. More generally, even numbers of nanoantennas show suppressed far-field scattering due to destructive interference, while for odd numbers of nanoantennas, the scattering intensity does not increase beyond that of a single antenna [see Figure S1 in Supporting Information]. The functionality of antennas as phased array on a waveguide was demonstrated in earlier studies using Fourier-plane imaging. 16 The observed behaviour in wavelength-dependent transmission and scattering is consistent with coherent excitation of nanoantennas by the standing wave resonances of the racetracks. As a next step, we achieve modulation of the coherent excitation in a dynamic experiment, where we actively control the phase between the input arms. As depicted in Figure 3a , a phase shift ∆ϕ in one input arms leads to a spatial shift of the standing wave pattern, thus changing the coupling strength of the antennas to the photonic modes. In our experiments, we employ the ultrafast photomodulation technique, 25 which allows direct detection of ultrafast changes in the optical spectrum. The optical arrangement is illustrated in Figure 3b . An ultrafast pump laser of 417 nm centre wavelength and 140 fs pulse duration was focused onto one of the input waveguides via the 0.5 N.A. objective. A synchronized probe pulse was coupled into the device with a controlled time delay with respect to the pump, in order to characterize the transmission through the photonic circuit. The probe was a Fourier-limited pulse centred at around 1537 nm with a full-width-at-half-maximum of around 10 nm, generated using an optical parametric oscillator. The transmission spectrum of the probe was collected at one of the drop ports using a spectrometer equipped with an InGaAs CCD (Andor Shamrock & iDus). Ultrafast pumping of the silicon waveguides results in free-carrier generation, which produces changes of both the real and imaginary parts of the refractive index. 25 The setup allows precise scanning of the pump spot over the device, which gives spatial maps of the dependence of the device on the local perturbation. Figure 3d shows the ultrafast dynamics of the perturbation taken at the bottom of the MMI loop as indicated by the circles in Figure 3c .
The exponential decay time is 148±2 ps, which is in the typical range of the carrier relaxation time for silicon. 26 The small signal of opposite sign at negative delay time is attributed to a thermooptic phase shift resulting from stationary heating of the device by the 80-MHz repetition rate laser. 27 We emphasize that, by exciting only the input waveguides, we do not consider modulation of the gold antenna permittivity, or of the photonic resonator quality factor and resonance wavelengths, directly using our pump laser.
To investigate the observed trends in more detail we show in Figure In contrast, the racetrack with groups of three antennas exhibits a strong cross-modulation of the transmitted intensity as seen in Figure 3e . The cross-modulation effect in this case corresponds to an interaction of the two counter-propagating modes through the antenna absorption. 5 By shifting the spatial location of nodes and anti-nodes, the transmission intensity of even modes is decreased (red arrows), while that of odd modes is increased (green arrows). The corresponding differential response ∆T/T shows a relative increase for the odd modes by as large as 100%. It was confirmed that the behaviour is symmetric when measuring the lower output and modulating the top input arm [see Figure S3 and Figure S4 in Supporting Information].
The above cross-modulation scheme reveals an ultrafast shift of the nodes and anti-nodes, which provides an active control over the coupling of the incident light field to the nanoantennas.
Intuitively, one might expect a similar modulation when exciting the opposite input loop due to the symmetry of the CPA modulation scheme. However, Figure 3f shows an opposite change in the transmission of the individual modes when directly modulating the path that contributes to the detected output. This surprising result shows that the interaction between antennas and racetrack cannot be simply explained by an intensity-dependent CPA effect, but involves a more complex hybridization of photonic and plasmonic modes as described below. Additionally we see a flat, wavelength independent reduction of the transmitted intensity, corresponding to ∆T/T of -25%, which is also seen for the reference device without antennas [ Figure S3g in Supporting Information] and which corresponds to pump-induced losses in the modulated section.
In the above, the device with three antennas per group was used as a representative example taken from a full investigation involving devices with different numbers of antennas. Figure 4 summarizes the ∆T/T values in cross-modulation as a function of pump fluence up to 35 pJ/µm 2 , extracted from the spectra shown in Figure S3g approximately to a phase shift from -180° to -90°, as indicated by the grey shaded regions and consistent with earlier results. 25 In this range, we find similar trends between calculated and experimental peak intensities. At around a ∆ϕ of -90°, we observe a mode splitting of the odd mode, both in the calculated and experimental spectra and for the direct modulation configuration. Combining information from drop port and through port transmissions, we estimate coherent absorption by the antennas to reach around 50% of the incident intensity. Furthermore we note that critical coupling alone cannot explain observed mode splittings and asymmetry of the outputs.
The observed difference between the cross-modulation and direct-modulation schemes can be explained using a hybridization model commonly used to explain the scattering-induced mode splitting in photonic ring resonators. [28] [29] [30] While usually the model is applied to describe coupling to standing waves using a travelling wave input, here we consider the reverse situation, namely coupling to clockwise and counter-clockwise travelling waves from a standing-wave input. In the presence of a small scattering perturbation, the principal modes are the standing-wave modes defined as a superposition of the clockwise c and counter-clockwise (cc) modes E+=Ec+Ecc and E-=Ec-Ecc, corresponding respectively to ∆ϕ = 0° and -180° in our work. At these phases the antennas are positioned exactly in the nodes or anti-nodes (considering the odd mode and odd number of antennas) and the response can be described by the individual modes E+ and E-, corresponding to maximum coupling and perfect transparency, respectively. Typically, hybridization between antenna and photonic modes introduces an energy splitting between E+ and E- [24, 29] , which is responsible for the wavelength shift between λ+ and λseen in our experiment Associated with the coherent photon-plasmon interaction is a local field enhancement around the nanoantennas. Figure 6a shows calculated near-field maps in the plane of the antennas (xy), directly above the top of the waveguide, for values of the phase shift ∆ϕ of -180° and 0°. The antenna field was normalized to the evanescent field, Eev., of a reference waveguide at the same vertical position, as this directly provides the enhancement factor relevant for applications in fieldenhanced spectroscopy. Figure 6a also shows the vertical (xz) cross section through the centre of the photonic waveguide, where we plot the field normalized to the maximum field, E0, inside the reference waveguide (E0≈1.85Eev.) relevant to estimate the photonic field distribution. The transition from weak to strong photon-plasmon interaction with ∆ϕ is accompanied by an increase of the local near-field strength around the nanoantenna, and a reduction of the field in the photonic mode inside the racetrack. Values of the local field intensity at the antenna ends are shown in Figure 6b and indicate that the near-field intensity enhancement reaches values >10 2 with respect to the evanescent field of the reference waveguide. Further improvement of the field enhancement will be possible when using different antenna designs including dimers, nano-gaps, or sharp tips.
An important challenge is related to fabrication tolerances of both the silicon and plasmonic components needed to achieve reproducible device performance. As illustrated in the Figure S7 in Supporting Information, the transmission spectra are not always identical between top and bottom ports, which is most likely related to small nanofabrication errors in the SOI gratings and wavelength-dependent scattering losses in the racetrack, as can be seen in the darkfield images of Figure 2 . Both the antenna darkfield intensity and normalized ∆T/T measurements appear less sensitive to these variations than the linear transmission through the device. Nanofabrication errors in the antenna placement provide a limit to the reproducibility. Figure S8 in Supporting Information shows that a positioning accuracy better than 25 nm is needed for antennas to perform within design tolerances, which is approaching the limits of multi-exposure lithography.
Further optimization of device geometries to exploit coherent photon-plasmon interactions will be of interest for a wide range of applications, as it may provide new nanoscale mechanisms for spectrally and spatially reconfigurable and switchable devices. The complex interplay between critical coupling, CPA, antenna-induced reflections and mode hybridization, and their dependence on antenna parameters will require more detailed modelling, as can be done for example using coupled-mode theory. 31 Further tuning of device performance toward CPA may require tailoring the antennas to suppress back-reflections, while simultaneously increasing the number of antennas to maintain high total interaction strength. For applications in optical routing, another set of requirements is needed by increasing reflections and reducing losses from the antennas, for example by increasing the antenna size. Critical coupling can be chosen to match the hybrid modes rather than the unperturbed resonances, for applications benefiting from maximum conversion to optical near-fields. 32 Efficient conversion of photonic guided modes to plasmonic hotspots with strong field localization outside the waveguide holds interest for a variety of applications in fieldenhanced spectroscopy, sensing, and nonlinear optics. Future work should explore hybrid photonic and plasmonic circuits for all-optical control, using localized plasmonic absorption to drive ultrafast nonlinearity, with promise for all-optical signal processing devices. 33 In conclusion, we experimentally demonstrate coherent absorption and mode hybridization in 
